A useful polarizer for the 6-y to 2 0-u region has been designed, fabricated, and tested. A microscopic wire grid was formed by ruling Irtran 2 (ZnS) or Irtran 4 (ZnSe) and evaporating aluminum preferentially on the groove tips. The average transmittance for the crossed polarizers in the 8-JA to 2 0 -u region was less than 1%. The degree of polarization was insensitive to a wide range of incidence angles. Data showing the spectral polarization efficiency as a function of wavelength are presented.
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Introd uction
A rather large polarizer for 8-g to 1 4 -,u radiation was needed for use in an infrared scanner. Due to the location of the polarizer near the focal plane, polarization had to be efficient at angles of incidence up to 300. Stacked plates and reflection polarizers were eliminated because of lack of space in the highly convergent optical system (f/i) being used. Since the theory of wire grid polarizers 2 indicated a possibility of meeting the requirements, this technique was investigated.
If parallel conducting wires with a spacing less than a quarter wavelength are used, highly efficient polarization and high transmission may be achieved. A wire grid polarizer made by a replica grating technique was reported by Bird and Parrish.' This technique was successful using Kel-F in the intermediate infrared region, but exhibited significant absorption in the 8 -A to 14-it region. Polyethylene replicas were reported to be markedly inferior in polarization efficiency relative to Kel-F. Rupprecht et al. 3 reported successful use of pyrolytic graphite in transmission as a long-wavelength polarizer. However, this material was limited to 1.5 cm X 1.5 cm, which was insufficient for our needs (4.3-cm diam). It was decided, therefore, to prepare a wire grid polarizer by ruling the grid directly on the infrared transmitting material followed by an evaporation of metal on the groove tips.
Fabrication
Irtran 2 (ZnS) and Irtran 4 (ZnSe) were selected as suitable substrate materials because of high transmittance, availability, environmental stability, softness, and suitability for metal evaporation. Germanium was considered but excluded because of ruling dif-
The authors are with Santa Barbara Research Center, Hughes Aircraft Company, Goleta, California. The polarizer was formed by vacuum deposition of aluminum on the ruled area at a very oblique angle. This method of preferentially depositing aluminum on the groove tips is illustrated in Fig. 1 . It is important to complete the evaporation in a reasonably good vacuum, 10-5 torr or lower, since, if the aluminum layer departs from a highly conductive layer, the polarization characteristics will not be optimum. Polarizers formed by a single aluminum layer have successfully passed the Scotch tape adherence test.
To obtain uniformity of transmittance and polarization over the entire ruled area, it was necessary to use multiple coatings and to rotate the substrate by 1800 for alternate coatings. Six-layer multiple coatings have been used. The multiple-coat technique has permitted a convenient means for monitoring thickness.
Polarizers thus formed have transmittance and polarization nonuniformities of less than 2%. They will withstand light cleaning (e.g., acetone or distilled water and detergent applied with a cotton swab), but will not pass the Scotch tape adherence test.
The angle formed by the evaporating metal path and the substrate surface was very critical. This dependence was due in part to the poor blaze characteristics of the ruling. The optimum angle was found to be from 7 to 8. Smaller angles resulted in polarizer nonuniformities, and larger angles tended to produce nonpreferential deposition of aluminum on the ruling, which reduced transmission.
Furthermore, when two wire grid polarizers with the same transmittance and polarization characteristics are used as polarizer and analyzer, and if we denote P as the recorded signal when the polarizer and analyzer are crossed, we have 
Evaluation
The measurements were made using a Perkin-Elmer single-beam doublepass spectrometer, model 112U.
T,.e spectrometer's optical system results in partial polarization of radiant power available at the thermocouple.
Two methods of analysis were employed. The first method was used wherever two identical polarizers were to be analyzed. 3 Proof of identity is assured by interchanging polarizers and comparing results. The second method was more complicated and time consuming, but permitted unambiguous transmittance determinations for two dissimilar polarizers. The spectrometer measurements required for the first method consisted of recording the following spectrometer output signals:
1. Po-No polarizer was used. 2. P-One polarizer was used i front of the slits with rulings oriented vertically.
3. Ph-One polarizer was used in front of the slits with rulings oriented horizontally.
4. P 1 -Two polarizers were used in front of the slits, one with vertical rulings, the other with horizontal rulings.
Let T and T be the transmittance through the polarizer for polarized radiation with the electric field vector perpendicular and parallel to the polarizer's grid lines, respectively. Similarly, T and Th represent the spectrometer transmittances for plane-polarized radiation with the electric field vector vertical and horizontal, respectively. Po is the spectrometer output signal without a wire grid polarizer in the optical train.
The recorded signal for the spectrometer optical system alone is Po = (1/2)P(7 + h), (1) where P is the effective total power being radiated by the source that passes through the spectrometer slits.
With the polarizer in the system the signal is
and
It should be noted that P 0 , P,, and Ph are experimentally determined quantities. Manipulating Eqs. Combining Eqs. (4) and (6) and using the solution for a quadratic equation, we obtain
The percentage polarization is
The spectrometer measurements required for the second method consist of recording the following spectrometer output signals:
1. P-No polarizer used. 2. P-Polarizer (a) was placed in front of the slits with rulings oriented vertically.
3. P,,-Polarizer (b) was placed in front of the slits with rulings oriented vertically.
4. Pha-Polarizer (a) was placed in front of the slits with rulings oriented horizontally.
5. Phb-Polarizer (b) was placed in front of the slits with rulings oriented horizontally.
6. P-Polarizers (a) and (b) were placed in front of the slits with rulings oriented vertically.
7. P,b-Polarizers (a) and (b) were placed in front of the slits with rulings oriented horizontally and vertically, respectively. 8. Phb-Polarizers (a) and (b) were placed in front of the slits with rulings oriented vertically and horizontally, respectively. 9-Phahb-Polarizers (a) and (b) were placed in front of the slits with rulings oriented horizontally.
As before, the recorded signal for the spectrometer optical system alone is 
Experimental data obtained by using two polarizers at a time are
It is to be noted that all P values with subscripts are experimentally determined spectrometer signals.
Equations (10) through (14) yield
In addition, we add Eq. (15) to (18) 
We now combine Eq. (20) and (23) and solve for the transmittance.
Experimental Results
Two identical polarizers prepared on Irtran 2 were measured by method 1. For other polarizers on Irtran 2 the transmittance (T,) varied between 0.33 and 0.55 for the S-u to 1 2 -,u wavelength region. Transmittances (T, and T2) for the electric field vector perpendicular and parallel to the grid lines, respectively, are illustrated in Table I . Table II shows the results obtained from one of two polarizers made on Irtran 4 and analyzed by method 2.
For other polarizers on Irtran 4 the transmittance (T) varied between 0.25 and 0.45 for the 8-,u to 19-,u wavelength region.
Refractive indices of Irtran 2 and 4 are approximately 2.2 and 2.4, respectively. Thus, if suitable antireflection coatings were used on the polarizer substrate, the transmittance could be increased by 20-35%.
For most wire grid polarizers tested, the polarization percentage, P(%), has been 98.5%, or greater, from 7 u to the substrate material absorption edge. Figure 2 illustrates the relationship between polarization percentage and transmittance as a function of incidence angle. These data were taken at a wavelength It is to be noted that although the polarization percentage remained constant over a wide range of incidence angles, the transmittance (T 1 ) did not. Figure  2 shows that the transmittance (T 1 ) decreased approximately 30% as the incidence angle was varied from 0°t o 450.
Qualitative data taken on the polarizer's reflected radiation component indicate that it is highly polarized in the direction perpendicular to the transmitted component.
However, quantitative measurements have not been made on the reflected component.
Conclusion
Wire grids of 600 lines per mm have been proved to be very useful polarizers in the 7 -M to 20-A region when using ZnS and ZnSe as substrate material. These polarizers are compact, rugged, durable, and may be used in the convergent beam of high numerical aperture optical systems. Polarization percentage increases with increasing wavelengths.
The technique described in this paper may be extended to other regions of the infrared provided that a transparent substrate capable of being ruled with a spacing less than a quarter wavelength is available, and an evaporated coating of high conductivity compatible with the substrate material can be obtained. 
